Abstrak
Thalassemias are inborn disorders of the globin chain synthesis and the most frequent single gene derived inherited diseases in the world. More than 3% of the world's population carry thalassemia genes, with very high incidence in South East Asia. Various mutations and deletions on α-and the β-globin gene clusters (more than 100 in the α-and about 200 in the β-gene are known) diminish globin chain synthesis to different extent and result in thalassemia trait or clinical pictures of thalassemia. In the Indonesian population the frequency of mutant β-globin genes appears to be about 6-10%. The β-thalassemic phenotype shows wide variations between transfusion-dependent thalassemia major, different severities of thalassemia intermedia and thalassemia minor or trait. The clinical picture is determined by the combination of two different alleles and co-inheritance of various kinds of thalassemias and related hemoglobin anomalies. 1 The clinical picture of thalassemias is dominated by chronic anemia caused by ineffective erythropoiesis, intra-and extramedullary hemolysis, and by iron overload due to generally increased intestinal iron absorption in thalassemia and following additional blood supply to transfusion-dependent patients. Imbalanced excessive globin chains tend to precipitate near the red blood cell membrane causing either intramedullary cell death or increased clearance of the erythrocyte from peripheral circulation. Hemochromes, heme, and released iron contribute to the damage conferred by the precipitated globin chains (inclusion bodies). 2 Iron and certain ironcontaining low molecular weight compounds play a crucial role to generate reactive oxygen species (ROS) and free radicals, which are likely to damage cellular and sub-cellular structures, especially membranes in various tissues, 3 to cause metabolic dysfunction 4 and alteration of the plasma lipid pattern with high triglyceride and low cholesterol levels. 5 In the frame of our previous studies, we reported on hematology, iron overload, imbalanced antioxidant status 6 and changes in characteristics of isolated RBC membranes in thalassemic patients in Jakarta. 7 Now, we compare the plasma lipid pattern under oxidative stress with parameters of isolated RBC membranes from thalassemic patients measured with electron paramagnetic resonance spectroscopy using doxyl-stearic acid spin labels and thiol-reactive N-proxyl-maleimide spin label.
METHODS

Subjects
Fifteen transfusion-dependent β-thalassemia major patients from Cipto Mangunkusumo General Hospital, in an age range of 11 to 25 years were investigated (group T). Ten controls (group C) were voluntary students without diagnosis or clinical signs of thalassemia in the same age range (up to 25 years of age). Since it is diffi cult to fi nd thalassemia intermedia patients who have not yet been transfused in the same age range as in the two other groups, the age range of group N (fi ve non-transfused patients) is from 7 to 14 years. The groups had random sex distribution. All participants were non-smokers, did not suffer obviously from other metabolic diseases or acute infections, and indicated not to receive specifi c vitamin supplementation or medication other than transfusion and chelation.
The study was approved by the Ethical Committee of the Faculty of Medicine, Universitas Indonesia and all blood samples from controls and patients were obtained on fully informed consent. Citrate blood (20 mL) and ethylenediaminetetraacetate (EDTA) blood (5 mL) were collected from each subject. From transfusiondependent patients, blood samples were collected just before they received a new transfusion. If necessary, further information about the patients, transfusion and chelation regimens, how long the patients had already been transfused and clinical status etc. were taken from the patients' ward records at Cipto Mangunkusumo General Hospital in Jakarta. The study and survey of thalassemia patients has been conducted over the last ten years. The fi rst approval of the long-term study "Oxidative stress in thalassemia patients in Jakarta" had been in 1999.
Blood analysis
Hemoglobin (Hb)-screening was performed in the laboratory of the Thalassemia Ward with a VARIANT Hemoglobin Testing System. All other hematological parameters were measured from citrate blood (10 mL) in laboratories of the Faculty of Medicine Univesritas Indonesia (UI) according to standard methods or as described.
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Preparation of RBC membranes
Fresh blood samples from healthy controls or thalassemia patients were supplied by the Thalassemia Ward of Cipto Mangunkusumo General Hospital in Jakarta for the preparation of isolated RBC membranes in the laboratory of the Deapartment of Biochemistry and Molecular Biology Faculty of Medicine UI. Isolated RBC membranes were prepared and lyophilized as described. 6 
EPR spectroscopy
Spin labels were purchased from Sigma-Aldrich (Sydney, Australia) and used to characterize isolated red cell membrane (ghosts): 5-doxyl-stearic acid and 16-doxyl-stearic acid (doxyl-= 4,4-dimethyl-3-oxazolinyloxy-=4,4-dimethyl-oxazolidine-Noxyl-). The spin label 3-maleimido-proxyl (proxyl-= 2,2,5,5-tetramethyl-1-pyrrolidinyloxy-=2,2,5,5-tetramethylpyrrolidine-N-oxyl-) is analogous to the classical thiol blocking reagent N-ethylmaleimide (NEM). This spin label reacts with thiols of membraneintegral or membrane-associated proteins by covalent binding in the same way as NEM.
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From the fi rst derivatives of 3-maleimido-proxyl signals the ratio of the height of the midfi eld line (h o ) and the height of the high-fi eld line (h -1 ) were calculated (h o /h -1 ). 6 The low-fi eld line (h +1 ) tends to separate into two peaks from immobilized (h +1I ) and from mobile (h +1M ) populations. Since the 3-maleimido-proxyl spin label is covalently bound to protein thiols, it provides information about their mobile or immobilized environment in membrane proteins, calculated as the (h +1I ) / (h +1M ) ratio. 6 From the fi rst derivatives of the EPR signals of 5-doxyland 16-doxyl-stearic acids, order parameters s were calculated, moreover hyperfi ne coupling constant a N and rotational correlation times from 16-doxyl-stearic acid. 6 
EPR measurement
Membrane labeling and measurement of spectra were carried out as decribed. A JEOL RE series, JES-RE2X ESR spectrometer with a JEOL X-band microwave in the Department of Physics, Faculty of Mathematics and Natural Sciences UI Depok was used for EPR spectroscopy. All spectra were collected under the same instrumental settings. Spectra and equations were resented in detail. 6 
Data analysis
Data were presented as mean values and standard deviations and were analyzed using ANOVA test with the aid of STATS '98, Internet version 1.1, Decision Analyst, Inc. p<0.05 was taken as the limit of statistical signifi cance.
RESULTS
Serum lipids & peroxidation products
Compared to controls, triglycerides are more than 1.5-fold higher in thalassemic patients as shown in Table 1 . [Differences between groups N (169 mg/dL), T (179 mg/dL) and controls (103 mg/dL) are highly signifi cant]. Total cholesterol, LDL, and HDL are lower in non transfused patients than in controls and repeated transfusions brought these parameters even lower.
The LDL/HDL ratio is signifi cantly lower in transfused patients compared to non transfused and control and the ratio of total cholesterol to HDL do not strongly differ from controls and non-transfused patients, but do in transfusion-dependent patients (Table 1) . Peroxidation products of (poly)-unsaturated fatty acids in serum and in membrane phospholipids measured as thiobarbiturate-reactive substances (TBARS) are presented as malondialdehyde (MDA). Values are 1.96 μmol/L in controls, 5.0 μmol/L in non-transfused, and 9.2 μmol/L in transfused patients.
Alpha tocopherol
Vitamin E (α-tocopherol) is 21.8 mM in controls (C), 20.9 mM in non-transfused patients, and 6.2 mM in group T = transfused patients (Fig. 1) . The differences between transfusion-dependent patients and the other two groups are higly signifi cant.
Serum transaminases
Serum transaminases are signifi cantly higher in all transfused patients: glutamate-oxaloacetate transaminase (SGOT) 39.6; 59.4; and 110.6 IU/L in control, non transfused, and transfused patients, respectively (p<0.01); glutamate-pyruvate transaminase (SGPT) 32.4; 46.7 and 90.2 IU/L, respectively.
Thiol status in plasma and in RBC membrane
Plasma thiols decreased from 144 μmol/L in controls to 88 μmol/L in non-transfused and further to 61 μmol/L in transfused patients. Protein thiols [nmol SH/mg prot] were 2.0 in controls, 1.3 in non-transfused and 1.0 in transfusion-dependent patients T ( Table 2) . (Fig 2) . In other words, immobilization is higher in non-transfused patients than in controls and in transfusion-dependent patients signifi cantly higher than in the two other groups.
Order parameters of RBC membranes
Order parameters from 5-doxyl-stearic acid, which reports from the polar/sub-polar region of the membrane, are 0.699 in controls and 0.733 in nontransfused patients (Fig. 3a) . In the group of transfused patients order parameters from 5-doxyl-stearic acid are 0.638. Differences of all groups versus controls are highly signifi cant (p<0.01), also between nontransfused (group N) and the transfused group (T).
Order parameter s from 16-doxyl-stearic acid (Figure 3b ), which provides information on the inner hydrophobic region of the membrane, is 0.239 in controls and 0.272 in non-transfused patients. In the group of transfused patients order parameters from 16-doxyl-stearic acid are 0.297 (group T) (Fig. 3b) . Differences of all groups versus controls are highly signifi cant (p<0.01), those between the other groups and transfusion-dependent patients (group T) are signifi cant (p<0.05), whereas differences between non-transfused patients (group N) and controls are not. The order parameters obtained from the inner membrane region are consecutively higher in non-transfused and transfusion-dependent patients than in controls.
Rotational correlation times T R calculated from 16-doxyl-stearic acid spin label do not differ signifi cantly between controls and non-transfused patients, whereas (Table 3) .
Membrane polarity
The hyperfi ne coupling constant a N from 16-doxylstearic acid is 13.2 gauss in the control group, 13.2 gauss in non-transfused, and 13.9 gauss in transfused patients. The difference of group T versus controls is highly signifi cant (p<0.01) ( Table 3) . Hyperfi ne coupling constant a N is a measure of membrane polarity, which is signifi cantly higher in transfusion-dependent patients than in controls and non-transfused patients.
DISCUSSION
Non-transfused patients
In non-transfused patients, triglycerides are signifi cantly higher and HDL-cholesterol is sigifi cantly lower than controls. In an ethnic study, erythrocyte membrane fl uidity was associated mainly with triglyceride levels. 8 In general, thalassemic patients exert decreased levels in antioxidant vitamins, especially lipid-soluble vitamin E and water-soluble vitamin C. 5 In our non-transfused patients, MDA as an indicator of lipid peroxidation is more than doubled as compared to controls although vitamin E, the major membrane protecting compound is only slightly decreased. Increased LPO in nontransfused patients could be the major reason for a 40% lower lipid unsaturation index reported in RBC membranes of heterozygous β-thalassemia patients. 9 Plasma protein status, in general, and activities of plasma transamninases are not altered signifi cantly in non-transfused patients. However, reactive plasma thiols, a protein related indicator of oxidative stress, are signifi cantly lower than in controls. Briefl y, most titratable thiols are located in the amino acid cystein comprising both glutathione-SH and protein-SH. Loss of thiols means primarily oxidation of cystein to cystin with disulfi de brigde (-S-S-) formation in glutathione and proteins and concomitant loss of function.
Membrane thiols are almost exclusively located in proteins. Integral and membrane-associated proteins contribute to the fl uidity or rigidity of the membrane through oxidation of thiols forming either mixed disulfi des or linking two cysteins to non-physiological intra-or inter-molecular cystins leading to aggregations or conformational changes. Thiol-reactive NEM spin label is very hydrophobic and thus reacts exclusively with thiols in the hydrophobic environment of the membrane, which comprise about 60% of cysteins in RBC. 7 The EPR spectrum allows for interpretation of the binding capacity of protein thiols in hydrophobic environment and provides information about the immobilization of the cystein-bound spin label. Binding capacity was higher in our non-transfused patients, but the population of immobilized spin labels was slightly higher than in controls indicating rigidifi ed environment.
This picture of membrane proteins mirrors the membrane order parameters of non-transfused patients: they are higher than controls. Stearic acid spin labels (SA-SL) report from lipid domains and lipid-protein interfaces in RBC membranes: viscosity is higher both, in polar (5-doxyl-SA) and hydrophobic (16-doxyl-SA) regions. Hyperfi ne coupling constants (a N values) and rotational correlation times T R do not differ from controls indicating no changes in polarity and freedom of molecular rotation in RBC membranes from nontransfused patients. In other words, although membranes are more rigid in non-transfused patients than in controls, freedom of molecular motion and the polarity gradient across the membrane are still in the normal range.
Transfusion-dependent patients
The above picture differs considerably in transfusiondependent patients. The plasma lipid pattern shows high triglycerides, whereas cholesterol levels are extremely low, especially in HDL. Thus, ratios of LDL/HDL and total cholesterol/HDL are pathologically high.
The vitamin status in transfusion-dependent patients shows tremendous depletion in lipid-soluble vitamins, e.g. vitamin E is less than 30% of controls. In addition to its protection against lipidperoxidation (LPO), vitamin E has multiple stabilizing effects on membrane structure. Lipid peroxidation is almost fi ve times higher in transfusion-dependent patients than in controls indicating elevated oxidative stress.
Serum transaminases increase tremendously in transfusion-dependent patients indicating massive cell membrane damage in tissues, especially -but not onlyin liver. It is concluded that iron overload and oxidative stress gradually damage tissues in liver, pancreas and myocardium. 5 On the other hand, it was concluded that liver cell damage contributes to the changes in plasma lipid pattern and lipoprotein composition in thalassemic patients. 10 Furthermore, the thiol status in plasma and in plasma proteins and in RBC membrane decreases in transfusiondependent patients to about 50% of controls, which indicates oxidative stress in all blood compartments, along with conformational changes and loss of function in proteins. Low levels in reactive thiols indicate that glutathione status as well as plasma protein cysteins are impaired, which means both, function and repair system are not intact. The spin label binding to membrane thiols shows lower binding capacity and higher immobilization of membrane protein cysteins in transfusion-dependent patients than in controls and non-transfused patients.
This picture is comparable to anisotropy of 16-doxyl SA, i.e., freedom of motion of the spin label is restricted and thus, rotational correlation times are higher. This means, the picture matches between two different parameters: increased order parameter indicates decreased fl uidity or increased viscosity, which decreases the freedom of rotational motion. It should be kept in mind that the terms "rigidity" or "viscosity" are inversely proportional to "fl uidity"; i.e., increased rigidity or viscosity means decreased fl uidity and vice versa.
Order parameters of 5-doxyl-stearic acid are lower than in controls and non-transfused patients demonstrating destruction of the membranes in transfusion-derendent patients. In other words, lower cholesterol content in plasma of transfused patients is associated with less ordered structure and increased fl uidity in the polar region of isolated erythrocyte membranes, possibly due to less membrane-bound cholesterol. The membrane stabilizing effect may be especially expressed in the region just under the polar headgroups, where position C5 of 5-doxyl-stearic acid is located in the polar-tohydrophobic interface. The highly ordered region at the polar interface exerts the highest energetic barrier of the membrane.
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In transfusion-dependent patients, we observe a coun -tercurrent phenomenon: whereas rigidity is higher than normal in the inner hydrophobic region of the membrane, the polar interface becomes more disordered and fl uid, which means the order gradient across the membrane is destroyed. In controls, there is a high structural order gradient across the RBC membrane, expressed in threetimes higher order parameters in the outer polar regions and higher fl uidity in the hydrophobic inner membrane region. Loss of this physiological structural order and the concomitant loss of the fl uidity gradient across the membrane is mainly due to the loss of structural elements in membranes, primarily loss of cholesterol and tocopherol.
Concerning lipid-protein interaction in RBC membranes of transfused patients, our interpretation is that there are strong phase separation tendencies between protein-rich and lipid domains with loss in structural integrity and homogeneity. This is not unexpected because frequently transfused thalassemic patients have mixtures of endogenous and exogenous blood cells. Phase separation may lead to inhomogeneous RBC membranes with reorientation of integral proteins to the periphery (or vice versa) and formation of blebs from blood cell membranes in thalassemia. 12 Hyperfi ne coupling constants from 16-doxyl SA spin label indicate an increase in polarity in the inner hydrophobic region of thalassemic RBC membranes. This means conformational changes in membrane proteins and lipids with formation of inverse phases and hydrophilic pores, in other words, leaky mambranes. 13 Band-3 degradation may strongly be involved in the formation of such membrane leaks. To further characterize RBC membrane proteins in thalassemic patients band 3 proteins, calcium-ATPase, and glucose transport have been investigated; results will be published, separately.
Altered plasma lipid patterns have been reported in thalassemia major patients, 14, 15 whereas a Greek study only found signifi cantly low HDL-cholesterol in their thalassemic patients. 16 In other diseases, serum lipid pattern, phospholipid fatty acid composition, and fatty acid unsaturation index, vitamin E content and LPO correlated with the composition and structure of erythrocyte membranes. 17, 18 This matches our own fi ndings. However, in this context, it must be mentioned that -different from other diseases -thalassemic hemoglobin plays a deleterious role in the destruction of RBC membranes. Hemoglobin electrophoresis pattern of transfusion-dependent β-thalassemia patients was investigated, recently. 19 It is concluded that in non-transfused patients, RBC membranes are moderately rigidifi ed, mainly due to increased plasma triglycerides and increased lipidperoxidation which may decrease the lipid unsaturation index. In transfusion-dependent patients membrane integrity appears to be destroyed with loss of essential polarity and fl uidity gradients and loss of the energetic barrier. Phospholipids and integral membrane proteins are involved in the leakiness of membranes, loss of stabilizing components such as cholsterol and tocopherol along with oxidative stress and LPO induces membrane fragility and hemolysis. This situation is mirrored by the plasma lipid pattern in transfused patients, which obviously infl uences the composition and structure of the RBC membrane. Since regular transfusions appear to play an essential role in membrane destruction and disintegration, protection of RBC membrane structure and integrity (e.g., with vitamin E and iron chelators) and moderate transfusion regimens with extended intervals have become the aims of therapeutic intervention. 20 
